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Available online 14 November 2015The reduction of sea ice in the Arctic Ocean,which has progressedmore rapidly thanpreviously predicted, has the
potential to causemultiple environmental stresses, includingwarming, acidiﬁcation, and strengthened stratiﬁca-
tion of the ocean. Observational studies have been undertaken to detect the impacts on biogeochemical cycles
and marine ecosystems of these environmental stresses in the Arctic Ocean. Satellite analyses show that the re-
duction of sea ice has been especially great in thewestern ArcticOcean. Observations andmodel simulations have
both helped to clarify the impact of sea-ice reductions on the dynamics of ecosystem processes and biogeochem-
ical cycles. In this review, I focus on thewesternArctic Ocean, which has experienced themost rapid retreat of sea
ice in the Arctic Ocean and, very importantly, has a higher rate of primary production than any other area of the
Arctic Ocean owing to the supply of nutrient-rich Paciﬁc water. I report the impact of the current reduction of sea
ice on marine biogeochemical cycles in the western Arctic Ocean, including lower-trophic-level organisms, and
identify the key mechanism of changes in the biogeochemical cycles, based on published observations and
model simulations. The retreat of sea ice has enhanced primary production and has increased the frequency of
appearance of mesoscale anticyclonic eddies. These eddies enhance the light environment and replenish nutri-
ents, and they also represent a mechanism that can increase the rate of the biological pump in the Arctic
Ocean. Various unresolved issues that require further investigation, such as biological responses to environmen-
tal stressors such as ocean acidiﬁcation, are also discussed.
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The exchange of carbon with the Paciﬁc and Atlantic oceans and in-
ternal biogeochemical cycling dominate the carbon cycle of the Arctic
Ocean basin. Dissolved inorganic carbon, the largest carbon inventory
in the ocean, originates from air–sea exchange, river runoff, and, to a. This is an open access article underlesser degree, dissolution of carbonate-containingminerals, decay of or-
ganic matter, and biological respiration. The carbon budget of the Arctic
Ocean is thus inﬂuenced by river runoff and coastal sources of organic
carbon (Anderson et al., 1998; Stein and Macdonald, 2004). However,
the net Arctic Ocean air–sea ﬂux appears to be relatively small, because
of the relatively small size of the basin and because ice covers much of
the sea surface.McGuire et al. (2009) have estimated the dissolved inor-
ganic carbon stocks to be 310 petagrams (1 Pg = 1 × 1015 g) C and thethe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ing the shelf seas (Canada and Eurasian basins and Chukchi, East Sibe-
rian, Laptev, Kara, Barents, and Beaufort seas) but excluding the
Nordic seas and the Bering Sea. The organic carbon stored in Arctic
Ocean sediments (surface layer to 3 cm depth in the basins and to
10 cm depth on the shelves and slopes), mainly of the shelf seas, has
been estimated to be 9.4 Pg C as particulate carbon (McGuire et al.,
2009). Methane (CH4) is also stored in the Arctic Ocean sediments as
hydrates, from 2 to 65 Pg C on the shelves and slopes and from 30 to
170 Pg C in the basins (McGuire et al., 2009). The Arctic area plays an
important role in the dynamics of the global carbon cycle; in recent de-
cades the Arctic has been a sink for atmospheric CO2 of 0–0.8 Pg C y−1,
which corresponds to 0–25% of the global net land/oceanﬂuxduring the
1990s. Furthermore, the Arctic is a substantial source of CH4 to the at-
mosphere, the estimated ﬂux being 32–112 teragrams (1 Tg =
1 × 1012 g) C y−1 (McGuire et al., 2009). The fact that the Arctic is a
sink for atmospheric CO2 has been attributed to large phytoplankton
blooms in the spring, strong cooling in the winter, and the relatively
high alkalinity of the Arctic Ocean (Takahashi et al., 2009).
The Arctic climate, which modulates biogeochemical cycles in the
Arctic region, was growing colder (−0.22 °C ky−1) during the
2000 years prior to the 20th century, owing to a reduction of insolation,
but since then it has begun towarm (Kaufman et al., 2009). In the fourth
assessment report by the Intergovernmental Panel on Climate Change
(IPCC) the Arctic region was already identiﬁed as one of the areas of
the world most vulnerable to global warming (IPCC, 2007). During the
period 1979–2012, the annual mean Arctic sea-ice extent decreased at
a rate that was very likely in the range of 3.5–4.1% per decade, and the
rate of decrease of the summer sea-ice minimum (perennial sea ice)
was very likely in the range of 9.4–13.6% per decade (IPCC, 2013). The
magnitude of the rate of ice loss increased from 0.35 × 106 km2 per de-
cade during the period 1979–1993 (Comiso, 2006) to 0.9 × 106 km2 per
decade between 1993 and 2007 (Deser and Teng, 2008). According to
Stroeve et al. (2012), the extent of sea-ice loss during the summer has
recently become remarkable, and the area of open water in September
has increased at an accelerating rate since 1999. These changes in Arctic
sea-ice extent have been attributed to changes in large-scale atmo-
spheric circulation as indicated by the status of the Arctic Dipole Anom-
aly (Wuet al., 2006; Overland et al., 2008), and tomore variability in the
phase of thewinter Arctic Oscillation (Stroeve et al., 2012). A shift in the
wind circulation pattern to a meridional ﬂow that blows toward the
central Arctic has caused the rate of sea-ice loss to accelerate since
2000 (Budikova, 2009, and references therein). Ocean forcing is another
potential driver of the sea-ice retreat. Warming of Paciﬁc Summer
Water (PSW), which is a water mass that typically spreads out on the
Chukchi Shelf, has been observed frequently since the late 1990s and
is likely responsible for the rapid reductions of summer sea ice in the
Chukchi and Beaufort seas of the western Arctic Ocean that have been
observed since then (Shimada et al., 2006). The combined effect of
these multiple processes is to warm the Arctic climate in all seasons,
which leads to more open water in the summer, thereby enhancing
the summer ice-albedo feedback effect. Warm ocean waters promote
not only the expansion of areas that are ice free in the summer but
also the further thinning of multi-year ice (Stroeve et al., 2012).
Sea-ice reduction (melting) may adversely affect marine organisms.
Ocean acidiﬁcation, another effect, in addition to global warming, of in-
creases of atmospheric carbon dioxide (CO2) concentrations, is likely to
have a serious impact on organisms in the Arctic Ocean, because ocean
acidiﬁcation is expected to proceed most rapidly in polar regions (Orr
et al., 2005). In the Canada Basin of the western Arctic Ocean, the area
in which the saturation index of aragonite was less than 1 (Ω b 1), indi-
cating undersaturation, expanded from 1997 to 2008 as a result of the
dilution effect of sea-ice melting. Thus, sea-ice melting associated with
warming can accelerate the impact of ocean acidiﬁcation in the Arctic
Ocean (Yamamoto-Kawai et al., 2009). In contrast, a reduction of sea
ice will bring improved light conditions to the ocean surface andmight thereby enhance phytoplankton photosynthesis and the supply
of food for higher trophic level organisms. In the western Canada
Basin, diatom productivity was greater in 2004 than in 1994, the impli-
cation being that the biological pumpwas enhanced during 1994–2004
because of the reduction of sea ice (Nishino et al., 2009). This result sug-
gests that the accelerated reduction of sea ice in the Arctic Oceanmeans
that it will continue to be a sink for atmospheric carbon dioxide in the
near future (Nishino et al., 2011a). For these reasons, the Arctic Ocean
is set to undergo one of the most serious, potentially catastrophic
changes in environmental status of any ecosystem in the world. Under-
standing the impact of warming, freshening, and increases of pCO2 in
thewater column associatedwith this rapid sea-ice reduction on the or-
ganisms in the Arctic region is an urgent issue. Predicting the changes in
productivity at each trophic level and within pelagic and benthic food
webs in the near future is important, not only for improving scientiﬁc
knowledge but also for anticipating societal impacts, including impacts
on local communities.
A number of descriptive reviews have summarized important
knowledge about primary production, the biological pump, and marine
ecosystems in the Arctic Ocean and pan-Arctic region (e.g., Grebmeier
et al., 2006; Carmack and Wassmann, 2006: Grebmeier, 2012; Arrigo,
2014). Carmack andWassmann (2006), for example, have summarized
existing knowledge about pan-Arcticmarine foodwebs and have devel-
oped some unifying concepts. They have used semi-quantitative dia-
grams to show the relationship between the production and vertical
export of biogenic matter during the productive season as a function
of the physical–biological continuum. Their model is based primarily
on data from the Barents Sea shelf collected at depths greater than
200 m. This paper complements these earlier reviews by summarizing
recently published and otherwise available yearlong or nearly yearlong
datasets for theﬂuxes of sinking particles and lower trophic level organ-
isms, collectedmainly in sediment traps on theNorthwindAbyssal Plain
and shelves along the margins of the Chukchi Sea, Canada Basin, and
Beaufort Sea in the western Arctic Ocean. The aim is to improve our un-
derstanding of the physical processes that potentially control biogenic
particle ﬂuxes, the dynamics of production and the biological pump,
and the response of the functionality of lower trophic level organisms
to the dramatic environmental changes in the western Arctic Ocean as-
sociatedwith sea-ice reduction. I will alsomake some predictions based
on a novel ecosystemmodel developed speciﬁcally for the Arctic Ocean.
2. Chukchi and Beaufort seas in the western Arctic Ocean
In this paper, the western Arctic Ocean (Figs. 1a and b) refers to the
area encompassing the Chukchi Sea, the northern Bering Strait, and the
Beaufort Sea. The Chukchi Sea (area 620 × 103 km2), together with the
northern Bering Strait and the Beaufort Sea (area 178 × 103 km2), oc-
cupies only 13% of the total shelf area and 9% of the total shelf volume
of the Arctic Ocean (Jakobbson et al., 2004, 2008, 2012). Paciﬁc-origin
water comprises two water masses, each associated with a different
season, PSW and Paciﬁc Winter Water (PWW), which spread into the
northern Bering Strait and the Chukchi Sea. Both PSW and PWWappear
in the upper halocline of the western Arctic Ocean (depth b ~200 m);
PSW is characterized by a temperature maximum and a salinity of
31–32 at less than ~80mdepth, and PWWis characterized by a temper-
ature minimum and a salinity of ~33 at 100–150 m depth (Coachman
and Barnes, 1961). The PSW is further divided into Eastern Chukchi
Summer Water (ECSW), which originates from Alaskan Coastal Water
and has a relatively high temperature and low salinity, and Western
Chukchi Summer Water (WCSW), which originates from Bering Sea
Water and has a relatively low temperature and high salinity
(Shimada et al., 2001). ECSW ﬂows into the Canada Basin via the Beau-
fort Gyre, where it forms a temperaturemaximum at a salinity of 31–32
east of the Chukchi Plateau, andWCSW ﬂows across the Chukchi Abys-
sal Plain west of the Chukchi Plateau, where it forms a temperature
maximum at a salinity of ~32.5 (Shimada et al., 2001; Steele et al.,
Fig. 1.Map of the Arctic Ocean a) with the sea ice condition acquired 13 September 2012 (http://earthobservatory.nasa.gov/IOTD/view.php?id=79256&eocn=image&eoci=related_
image); b) a red circled is the target region of the western Arctic described in this study.
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~34.2, depth ~ 200 m) originates from the eastern Arctic Ocean shelves
(Aagaard et al., 1981; Jones and Anderson, 1986) or the eastern Arctic
basin (Rudels et al., 1996; Itoh et al., 2007). Below the lower halocline
water is Atlantic water, which is characterized by a temperature maxi-
mum at depths of 300–500 m in the Canada Basin.I focus on thewestern Arctic in this reviewbecause that is where the
most rapid retreat of sea ice has been observed in the Arctic Ocean
(Comiso, 2012). Analyses over a 32-year period, from 1979/1980 to
2010/2011, have shown that this region has experienced a delay of
the sea-ice advance of 1.0–1.4 months, an earlier retreat of sea ice by
1.6–1.9 months, and a reduction of the duration of the ice season by 3
4 N. Harada / Global and Planetary Change 136 (2016) 1–17months (Stammerjohn et al., 2012). The key factor responsible for the
recent anomalous reduction of sea ice in thewestern Arctic Ocean is en-
hancement of the northward transport of PSW over the Northwind
Ridge in mid-winter. The heat content of the PSW prevents sea-ice
growth during the winter (Sumata and Shimada, 2007).
Even considering the immense area and shallow average water
depth of the Chukchi and Beaufort seas in the Arctic Ocean, their pro-
ductivity is high and very important relative to that of other seas in
the Arctic Ocean. The nutrient-rich Paciﬁc water doesn't supply a signif-
icant proportion of the total supply of nutrient-rich water to the “deep”
Arctic Ocean, that is about one-ﬁfth that of nutrient-rich Atlantic water
(Carmack and Wassmann, 2006). The high nutrient concentrations in
the Paciﬁc water that enters the Arctic Ocean via the northern Bering
Sea reﬂect the high productivity throughout the food chain of the Bering
Sea continental shelf ecosystem (Taniguchi, 1999; Grebmeier et al.,
2006; Harada et al., 2012; Cooper et al., 2013) aswell as the contribution
of the Anadyr Current, which consists of Bering Slope Currentwater that
has upwelled onto the Bering shelf (Kinder et al., 1975; Wang et al.,
2009). Runoff from the Yukon River contributes a substantial ﬂux of ter-
restrial dissolved organic carbon (DOC) derived fromglaciers to theGulf
of Alaska; the DOC ﬂux is 0.13 Tg y−1 (standard deviation 0.01 Tg y−1),
of which 77% (~0.1 Tg) is highly labile (Hood et al., 2009).
Currents from the Bering Sea shelves ﬂow toward the Chukchi and
Beaufort seas primarily through Barrow and Herald canyons
(Codispoti et al., 2005; Grebmeier and Harvey, 2005; Weingartner
et al., 2005) and the Central Channel of the Chukchi Shelf (Pickart
et al., 2005). In addition to the current ﬂow, episodic physical mecha-
nisms such as eddies, ﬁlaments, jets, and downwelling in canyons and
along the shelf break transport plankton, particulates, and nutrients off-
shore into the basin, or from the deep basin via upwelling onto the
Chukchi Shelf (Ashjian et al., 2005; Codispoti et al., 2005). Biomass in
thebenthic boundary layer and suspended in thewater column supplies
large cumulative amounts of biogenic matter such as detrital organic
matter and plankton originating from the Chukchi and Beaufort shelves
along their slopes and through the major canyons to a rich benthic
fauna. These seawater and particulate organic carbon (POC) exchanges
between the Bering Sea and the western Arctic Ocean are critical for
maintaining the thermohaline and ecosystem structure of the Arctic
Ocean, and because of the high concentrations of nutrients and biomass
in the seawater, the exchanges are key contributors to the Arctic Ocean's
organic carbon budget (Grebmeier et al., 2006). However, few zoo-
plankton that originate from the Paciﬁc (e.g. planktic foraminifera)
have been taken by plankton tows in the Chukchi Sea or in time-series
sediment traps at the Northwind Abyssal Plain site (St. NAP: 75°N,
162°W), which is located on the western side of the Canada Basin (K.
Kimoto, Japan Agency for Marine-Earth Science and Technology
[JAMSTEC], personal communication). The amount of zooplankton sup-
plied from the Paciﬁc Ocean through the Bering Strait and over the
Chukchi shelf is limited because of the shallowness of thewater column.
Therefore, zooplankton grazing and the microbial loop play less impor-
tant roles in these nutrient-rich waters (Carmack and Wassmann,
2006). Grebmeier et al. (2006) have described the lower trophic levels
of the ecosystem in the northern Bering and Chukchi seas, which are
shallow Arctic regions with high water column production and strong
spatial linkages between water column organic carbon production and
the benthos. These linkages have created a robust benthic–pelagic eco-
system that supports a high biomass of long-lived benthic fauna.
The Beaufort Sea is characterized by high freshwater and dissolved
organic carbon inputs from streams and numerous rivers, including
the Mackenzie River (Emmerton et al., 2008). Those inputs have pro-
duced an environment that is decidedly estuarine in character, espe-
cially during the late spring and summer months. Coastal erosion and
river discharges are largely responsible for introducing high concentra-
tions of suspended sediment from upland regions into the nearshore
zone, and sediment is often trapped in nearshore lagoons (Carmack
and Wassmann, 2006).3. Primary production
The most important organisms associated with sea ice are
microalgae, and the most abundant microalgal taxa in the Arctic sea
ice are diatoms (Arrigo, 2014). Sea-ice algae are one of themost ubiqui-
tous primary producers in the sea-ice ecosystem in the cryopelagic re-
gion of both Arctic and Antarctic waters. In the Arctic Ocean, the
productivity of ice algae shows regional heterogeneity, with up to half
of total primary productivity occurring in the central Arctic, and rela-
tively less occurring in the seasonal sea-ice area (Gosselin et al., 1997;
Gradinger, 2009; Onodera et al., 2015a). The ice algal community,
which is composed mainly of diatoms, accounts for 87% of the water
mass carbon-speciﬁc biomass of phytoplankton in the under-ice
bloom in the Chukchi Sea (Laney and Sosik, 2014). A total of 30–40 dif-
ferent species of sea-ice-related diatoms have been identiﬁed
(Melnikov et al., 2003; Riaux-Gobin et al., 2003; Werner et al., 2007)
from among the more than 550 diatom species in the Arctic Ocean
(Il'iash and Zhitina, 2009), and diatoms are themost dominant of Arctic
phytoplankton species (Bluhm et al., 2011). Themost common diatoms
are pennates (e.g., Nitzschia, Fragilariopsis, Entomoneis, and Navicula),
which can survive in bottom ice (Fiala et al. 2006), in land-fast ice
(Ratkova and Wassmann, 2005), in surface ice (Whitaker and
Richardson, 1980; Lizotte and Sullivan, 1992; Ryan et al., 2006), and
within sea-ice-inﬁltration communities (Garrison, 1991). Fragilaria,
Cylindrotheca and Achnanthes are relatively common genera of unicellu-
lar diatoms in the Arctic. In the western Arctic, they survive at the sea-
ice bottom/water interface, and they prefer the weak light conditions
(clear ice transmits light) associated with moderately thick (2–4 m)
sea ice in the melting season (Horner, 1985). The maximum densities
of ice algae are usually restricted to relatively thin layers because of
the high light attenuation by ice and self-shading by high concentra-
tions of algal pigments in both the Arctic (Arrigo et al., 1991) and Ant-
arctic (Lazzara et al., 2007). Generally, sea-ice algal blooms start in
coastal seasonal sea-ice areas in mid-March, when light becomes sufﬁ-
cient for their photosynthesis (Bluhmet al., 2011); in thewestern Arctic
Ocean, Fragilariopsis (oceanica and cylindrus) gradually increases from
April (Onodera et al., 2015a).
Both in situ and satellite observations are used to estimate primary
production. In situ observations are useful because they directly esti-
mate primary production throughout the water column, from surface
to subsurface, but they have the disadvantage, compared with satellite
observations, of being restricted to very small areas. The primary pro-
duction rates in thewestern Arctic Ocean (Table 1, Fig. 2), measured be-
fore the catastrophic reduction of sea ice in ~2005, were 20–50, 30–50
(Sakshaug, 2004), and 25–40 g C m−2 y−1 (Petrova et al., 2004;
Sakshaug, 2004) in the Fram Strait (80°N, 11°W), Kara Sea (74°N,
80°W), and East Siberian Sea, respectively. At the Lomonosov Ridge
(81°5′N, 138°54′E) in the central Arctic Ocean, the primary production
rate, estimated from the ﬂux of POC collected in sediment traps, was
18 g C m−2 y−1 from September 1995 to August 1996 (Boetius and
Damm, 1998; Fahl and Nöthig, 2007). At the edge of the Canada Basin,
annual primary production was estimated from ship-based measure-
ments to be 20 g C m−2 y−1, with a summertime peak of
0.32 g Cm−2 d−1 (Hill and Cota, 2005). In contrast, Hill et al. (2013) re-
ported that annual vertically-integrated primary production is relatively
high throughout the Bering, Barents, andNordic seas than in other areas
of the Arctic Ocean. Primary production rates in the Chukchi Sea, north-
ern Bering Sea, and Beaufort Sea are higher than those in other areas of
the Arctic Ocean (Table 1, Fig. 2). Estimated primary production rates in
the northern Bering Sea and Chukchi Sea are particularly high,
250–470 g C m−2 y−1 (Fukuchi et al., 1993; Springer and McRoy,
1993; Springer et al., 1996) and 70–840 g C m−2 y−1 (Springer and
McRoy, 1993; Springer et al., 1996; Wassmann et al., 2004; Hill and
Cota, 2005; Moran et al., 2005), respectively, except on the slope in
the Northern Chukchi Sea, where quite low values of
b50 g C m−2 y−1 have been reported (Sakshaug, 2004; Wassmann
Table 1
Primary production at various locations in the Arctic Ocean.
Area Location (average) Observation
period
Platform Depth Primary
production
Reference
(m) (g C m−2
y−1)
Northern
Bering Sea
62°–65°N, 165°W–180°,
Eastern Bering Sea shelf
slope
1985–1989 Water sampler (Niskin bottle) 30–80 175–470 Springer and McRoy, 1993; Springer
et al., 1996
Southern
Chukchi Sea
Anadyr and Shpanberg
Strait to 70°N
1985–1989,
1992–1993
Water sampler (Niskin bottle), Sediment trap 50–100 80–840 Springer and McRoy, 1993; Springer
et al., 1996; Wassmann et al., 2004
Northern
Chukchi Sea
shelf
70.5°–73°N, 153–166°W 2002 Water sampler (Niskin bottle) 50–200 70–430 Hill and Cota, 2005; Moran et al.,
2005
Northern
Chukchi Sea
slope
71°–74°N, 152–160°W 2002 Sediment trap, Water sampler (Niskin bottle),
model estimation from 14C or nitrate
measurement
200–2000 b50 Wassmann et al., 2004; Sakshaug,
2004; Moran et al., 2005
Western
Beaufort
Sea
69.9°N, 138.5°W 2002 Sediment trap, Water sampler (Niskin bottle),
model estimation from 14C or nitrate
measurement
50–2000 30–70 Wassmann et al., 2004; Sakshaug,
2004; Hill and Cota, 2005
Southeast
Beaufort
Sea
Cape Bathurst Polynya
(70.5–72°N, 122–128°W)
1998–2002,
2003–2004
Satellite, Water sampler (Niskin bottle) 0–250 12–175 Arrigo and van Dijken, 2004;
Carmack et al. 2004; Tremblay et al.
2008
Southeast
Beaufort
Sea
70°–76°N, 123–138°W 2003–2004 Sediment trap 90–130 3–129a Sampei et al., 2011
Arctic Basin
(Nansen
Basin)
– 1994 Model estimation from 14C or nitrate
measurement
N2000 b11 Sakshaug, 2004
Central Arctic
Ocean
81°5'N, 138°54'E – Sediment trap – 18 Boetius and Damm, 1998; Fahl and
Nöthig, 2007
East Siberian
Sea
– – Model estimation from 14C or nitrate
measurement
30 25–40 Sakshaug, 2004; Petrova et al., 2004
Fram Strait 80°N, 11°W – Model estimation from 14C or nitrate
measurement
– 20–50 Sakshaug, 2004
Kara Sea 74°N, 80°W – Model estimation from 14C or nitrate
measurement
– 30–50 Sakshaug, 2004
Arctic Ocean Area averaged – – – 2–40 Arrigo et al., 2010; Arrigo, 2014
Arctic Ocean Area averaged – – – 0.2–4b Arrigo et al. 1997, 1998, 2010;
Rysgaard et al. 2001
a Diatomaceous new production.
b Ice algae.
5N. Harada / Global and Planetary Change 136 (2016) 1–17et al., 2004; Moran et al., 2005). The primary production rate in the
western Beaufort Sea at 69.9°N, 138.5°W has been estimated to beFig. 2. Primary production (g Cm−2 y−1) estimated by in-situ observation, sediment trapmoori
ern Bering Sea: Springer and McRoy, 1993; Springer et al., 1996; Southern Chukchi Sea: Spring
shelf: Hill and Cota, 2005; Moran et al., 2005; Northern Chukuchi Sea slope: Wassmann et a
Wassmann et al., 2004; Sakshaug, 2004; Hill and Cota, 2005; Southeast Beaufort Sea: Arrigo an
Basin (Nansen Basin): Sakshaug, 2004; Central Arctic Ocean: Boetius and Damm, 1998; Fahl
Sakshaug, 2004).30–70 g Cm−2 y−1 (Table 1, Fig. 2), which is higher than the estimated
rates in the Fram Strait, in the Kara Sea (Sakshaug, 2004), and above theng systems, satellite, andmodel simulation at various locations in the Arctic Ocean (North-
er and McRoy, 1993; Springer et al., 1996; Wassmann et al., 2004; Northern Chukuchi Sea
l., 2004; Sakshaug, 2004; Cooper et al., 2005; Moran et al., 2005; Western Beaufort Sea:
d van Dijken, 2004; Carmack et al. 2004; Tremblay et al. 2008; Sampei et al., 2011; Arctic
and Nöthig, 2007; East Siberian Sea: Sakshaug, 2004; Petrova et al., 2004; Fram Strait:
6 N. Harada / Global and Planetary Change 136 (2016) 1–17Lomonosov Ridge (Boetius and Damm, 1998; Fahl and Nöthig, 2007). In
the southeast Beaufort Sea, new production and total primary produc-
tion rates of 12–175 g C m−2 y−1 have been estimated (Arrigo and
van Dijken, 2004; Carmack et al., 2004; Tremblay et al., 2008), and
new production rates associated with diatoms range from 2.8 to
128.7 g C m−2 y−1 (Sampei et al., 2011). A few studies have indicated
on the basis of in situ incubations involving 14C uptake that annual pri-
mary production in the Arctic is in the range of 2–15 g C m−2 y−1, and
that the maximum value of annual primary production in the Arctic
Ocean is almost half that in the Antarctic (Arrigo et al., 2010).
Satellite-based estimation of primary production is an indirect
method based on sensor measurements of chlorophyll a (Chl. a). Al-
though satellite-based observations have the advantage, compared
with in situ observations, of much better spatial coverage, they have a
disadvantage in that under-ice production is assumed to be zero. Satel-
lite Chl. a data provided byNASA andmonthly Chl. a-based primary pro-
duction anomalies from the monthly climatological average (April–
September) from 1998 to 2014, are shown in Fig. 3 (E. Siswanto unpub-
lished). Satellite observations of Chl. a indicate that surface primary pro-
duction in the Arctic Ocean is relatively high in coastal regions such as
the Chukchi Sea as well as in the Laptev, East Siberian, and Kara seas
(Matrai et al., 2013). According to Arrigo (2014), even in the most pro-
ductive sea-ice habitats, annual primary production is b40 g Cm−2 y−1,
which is lower than primary production in the oligotrophic central
gyres of the open ocean (e.g., 180 g C m−2 y−1 at station ALOHA;
http://hahana.soest.hawaii.edu/hot/hot_jgofs.html). The productivity
of ice algae in most areas of the Arctic Ocean is even lower than this
value and accounts for approximately 1% of annual primary production
in pelagic environments of the polar regions (Arrigo et al., 1997, 1998,
2010; Rysgaard et al., 2001). However, consumption of dissolved inor-
ganic carbon and nitrate in surfacewaters beneath the sea ice, observed
during a ﬁeld campaign in the Chukchi Sea, yielded a high production
value of ~70 g C m−2 during an under-ice bloom from 4 to 8 July
2011. Moreover, this production value is consistent with daily net pri-
mary production, estimated from 14C uptake measurements, of the
under-ice bloom (1.2–4.8 g Cm−2 d−1) (Arrigo et al., 2014). This result
suggests that the contribution of primary production of under-ice
blooms is higher than previous observations have indicated.
Based on a synthesis of (1) surface primary production rates esti-
mated from in situ incubations involving uptake of 14C, (2) primary pro-
duction of satellite-based estimates of Chl. a, and (3) remotely sensedFig. 3. a) Satellite Chl. a (g Chl. am−2month−1) provided byNASA and b) Chl. a based primary p
climatological data (April–September) from 1998 to 2014 (E. Siswanto unpublished). The Chl. a
by Cota et al. (2004). The red contour line denotes zero trend line. White area indicates insignprimary production in various regions of the Arctic Ocean, the average
primary production rate in the Arctic Ocean over the past 50 years
(1957–2007) has been 70 and 21 mg C m−3 day−1 in spring and sum-
mer, respectively (Matrai et al., 2013). The daily primary production
rate depends on which of the above three methods is used for the esti-
mate, because of differences in data availability and coverage (Matrai
et al., 2013). The annual surface primary production estimated with
the three methods agrees to within a median difference of
±400 mg C m−3 y−1 (Matrai et al., 2013). Pabi et al. (2008) estimated
primary production in the Arctic Ocean by remote sensing to be 419 ±
33 Tg C y−1 from 1998 to 2006. Interannual variation was high (26%);
primary production increased during 1998–2001, then decreased until
2003, and increased again to the maximum value of 483 Tg C y−1 in
2006 (Pabi et al., 2008). The vertically integrated primary production
rate for the Arctic Oceanwas estimated from in situ incubations and sat-
ellite Chl. a data for 1957 to 2007 to be aminimumof 466±94 Tg C y−1
and amaximumof 993± 94 Tg C y−1 (Hill et al., 2013). Full coupling of
a global physical model with an open-ocean pelagic ecosystem model
that includes an ice algal ecosystem model is rare, because the ice
algal community is considered to make a relatively minor contribution
to the total primary production compared with the open-ocean pelagic
community. However, Jin et al. (2012) have reported themean seasonal
cycle of ice algal production from March to May and subsequent ocean
production fromMay to September in the Arctic Ocean. In their simula-
tion result, mean open-ocean primary production in the upper 100m of
theArctic Oceanwas 413±88 TgC y−1 in 1998–2006. Recently, anArc-
tic version of a coupled sea ice–ocean circulation marine ecosystem
model with a 5-kmmesh that incorporates sea-ice-related algal activity
has been used to explore the mechanism of year-to-year changes in ice
algal production (Watanabe et al., 2015). According to moored sedi-
ment trap time-series experiments at St. NAP, the ﬂux of sea-ice-
related algal assemblages was high in August 2011, whereas a high
ﬂux of sea-ice-related algal assemblages was not observed in August
2012 (Onodera et al., 2015a). This interannual difference in summer-
time sea-ice-related algal activity between 2011 and 2012 is attribut-
able to different wind patterns: In 2011, easterly winds in the
southern part of a distinct Beaufort High supplied nutrient rich water
to surface water in the St. NAP region via Ekman transport of Chukchi
shelf water and vertical turbulent mixing with underlying nutricline
water. In contrast, in 2012, northwesterly winds in the northern part
of an extended Siberian High promoted the ﬂow of an oligotrophicroduction (mg Cm−2month−1) which aremonthly anomaly from the average ofmonthly
based primary production is estimated by using Arctic/subarctic local algorithm proposed
iﬁcant trends (p N 0.05).
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(Watanabe et al., 2015). Themean sea-ice algal production in theNorth-
ern Hemisphere has been estimated to be 21.3 Tg C y−1 from 1992 to
2007 using a 3-D global ice–ocean ecosystem model (Jin et al., 2012),
a value within the range of multiple estimates (9–73 Tg C y−1) based
on in situ measurements (Legendre et al., 1992). Net community pro-
duction, the difference between gross primary production and autotro-
phic and heterotrophic respiration, has been estimated from the
availability of nitrate, nitrite, and phosphate to be ~1000 Tg C y−1
(Codispoti et al., 2013); this value is similar to the vertically integrated
primary production (Hill et al., 2013).
The reduction in the extent of sea ice during the summer has become
remarkable recently, and the downward trend in September has accel-
erated since 1999 (Stroeve et al. (2012) or 2000 (Budikova, 2009). To in-
vestigate the impact of the sea-ice retreat on primary production, Pabi
et al. (2008) compared annual primary production before and after
the catastrophic reduction of sea ice from 1998 to 2006, based on sur-
face Chl. a concentrations estimated from 8-day Sea-viewing Wide
Field-of-view Sensor (SeaWiFS) data. They found an increasing trend
of surface Chl. a only in the East Siberian Sea, and no clear trend in the
Chukchi, Kara, Bafﬁn, Greenland, Barents, or Laptev seas (Pabi et al.,
2008). Only in the Beaufort Sea did annual production actually decrease
from 1998 to 2006, the rate of decline being 1.5 Tg C y−1 (Pabi et al.,
2008). However, this decreasing trend was not statistically signiﬁcant,
and it was driven primarily by large decreases in production during
the ﬁrst 2 years, 1998 and 1999 (Pabi et al., 2008). Hirawake et al.
(2012) compared primary production rates in the western Arctic
Ocean before and after the catastrophic sea ice reduction in 2005 during
2002–2010, different from but overlapping the observation period
(1998–2006) of Pabi et al. (2008). They based their comparison on esti-
mates derived from remote sensing algorithms that ignored the inﬂu-
ences of colored dissolved organic matter and non-algal particles
(Hirawake et al., 2012). They found an increasing trend of summer (Au-
gust and September) primary production, and suggested that warming
sea surface temperatures led to this increased production. Arrigo et al.
(2008) estimated open ocean primary production during 2003–2007,
excluding that by the ice algal community,with amodel that utilized re-
mote sensing data from the Arctic Ocean. They found that open ocean
primary production increased by 24%, from about 410 to 510 Tg C y−1,
as a result of the increased area of open water, the increased tempera-
ture, and the longer duration of the growth season (Arrigo et al.,
2008). For comparison, Jin et al. (2012) estimated primary production
with a coupled sea-ice physical and open-ocean pelagic ecosystem
model that included an ice algal ecosystem component and found that
although primary production fell within a narrow range during
2003–2007, it increased by 15%, from 480 to 550 Tg C y−1, during that
time period.
4. Biological pump
The biological pump is the mechanism by which carbon-containing
compounds are exported via biological processes from the surface to
the deep ocean (Sarmiento and Gruber, 2006). The export ﬂux of soft
and hard tissues that originate from organisms and fecal pellets is called
the passive ﬂux, and the export ﬂuxmediated by the vertical migration
of zooplankton is called the active ﬂux. Longhurst and Harrison (1988)
have shown that the active ﬂux associated with the vertical migration
of common migrant zooplankton such as copepods and euphausiids
makes an important contribution to the total vertical ﬂux. In fact, the
contribution to the vertical ﬂux of the common migrant zooplankton
is almost equal to the passive ﬂux (Le Borgne and Rodier, 1997;
Steinberg et al., 2000; Honjo et al., 2008). Recent time-series sediment
trap observations from the Amundsen Gulf in the southeastern Beaufort
Sea have indicated that sinking dead copepods also contribute substan-
tially to the passive ﬂux during the winter season (Sampei et al., 2011).
Sampei et al. (2009, 2011) estimated the contribution of passivelysinking copepods to the overall copepod ﬂux in the Beaufort Sea on
the basis of sediment trap data from September 2002 to August 2003
and reported that passively sinking Calanus hyperboreus and
Paraeuchaeta glacialis accounted for less than 6% of the overallﬂux of co-
pepods, whereas passively sinking C. glacialis accounted for 42% and
100% of the total copepod ﬂux during November–December 2002 and
July 2003, respectively (Sampei et al., 2009). Passively sinking copepods
of these three species, which accounted for 36% of the overall POC ﬂux,
are potentially an important food resource for pelagic and benthic or-
ganisms (Sampei et al., 2009, 2011).
Annual mean POC ﬂuxes determined by moored sediment trap ex-
periments and by determining 234Th/238U disequilibria (Coale and
Bruland, 1985) of large-volume water samples (including drifting sedi-
ment trap samples) at various locations in the Arctic Ocean are summa-
rized in Fig. 4 and Table 2; in the table the observation periods are also
given in chronological order. From 1997 to 1998, that is, before the cat-
astrophic sea-ice reduction (1999/2000), maximum POC ﬂuxes of
13.8 g Cm−2 y−1 were observed in a sediment trap experiment in a po-
lynya in Bafﬁn Bay (Sampei et al., 2004), and in August 1994, a maxi-
mum POC ﬂux of 166 g C m−2 y−1 was estimated in the Chukchi Sea
and on its shelf on the basis of 234Th/238U disequilibria (Moran et al.,
1997). The second-highest POC ﬂuxes before 1999 of 5.8 and
32 g C m−2 y−1 were recorded by sediment traps along the Mackenzie
Shelf edge in the Beaufort Sea (Table 2 and Fig. 4; O'Brien et al., 2006)
and, also in the Beaufort Sea, by using 234Th/238U disequilibria, respec-
tively (Table 2; Moran and Smith, 2000). The annual mean POC ﬂuxes
estimated by using 234Th/238U disequilibria tend to be larger than
those estimated by moored sediment trap experiments (Table 2) be-
cause they were calculated using data from only spring to summer,
when primary production is largest (Table 2), and because the efﬁciency
with which settling particles are trapped is frequently not 100%
(Lalande et al., 2007). The POC export ﬂux in the Chukchi Sea, estimated
from Ice-Ocean Environmental Buoy (IOEB) data during 1997–1998,
was 0.59 g C m−2 y−1 (Honjo et al., 2010). This POC export ﬂux is
lower than the ﬂuxes of 1.0–2.7 g Cm−2 y−1 in the northeast water po-
lynya in the FramStrait (Bauerfeind et al., 1997), 1.6 g Cm−2 y−1 on the
Greenland continental shelf (Bauerfeind et al., 2005), and
1.0–1.5 g C m−2 y−1 in the Laptev Sea estimated by sediment trap
mooring system (Zernova et al., 2000; Fahl and Nöthig, 2007). Themin-
imum POC ﬂux in the cryopelagic Arctic Ocean, 0.08 g C m−2 y−1, was
recorded in the Canada Basin in a moored sediment trap experiment
(Honjo et al., 2010).
After the catastrophic sea-ice reduction in 1999/2000, a maximum
POC ﬂux of 12.9 g C m−2 y−1 was observed in sediment traps in the
southeastern Beaufort Sea (Sampei et al., 2011), and a maximum ﬂux
of 301 g C m−2 y−1 was estimated from 234Th/238U disequilibria in the
Chukchi Sea (Lalande et al., 2007). The POC ﬂux of 9.8 g C m−2 y−1 re-
corded in the Kara Sea was also relatively high (Gaye et al., 2007). In
contrast, relatively low POC ﬂuxes were recorded in the Fram Strait
(1.0 g C m−2 y−1; Bauerfeind, 2004), on the Mackenzie Shelf slope in
the Beaufort Sea (1.0–1.7 g C m−2 y−1; Forest et al., 2007), and at the
Canadian Ice Island (0.07 g C m−2 y−1; Hargrave, 2004). The POC ﬂux
of 0.17 g C m−2 y−1 in the Canada Basin obtained during 2004–2005
by a time-series sediment trap experiment is still low, although it is
higher than the ﬂux of 0.08 g C m−2 y−1 observed there during
1996–1997 by the IOEB (Table 2 and Fig. 4). Honjo et al. (2010) have
summarized the biological pump and mineral material ﬂuxes in the
cryopelagic Canada Basin. POC collected by moored sediment trap sys-
tems at 3067 m depth from 2004 to 2005 did not show clear seasonal
changes and consisted of old carbon with an average age of approxi-
mately 1900 years (Hwang et al., 2008). POC export ﬂuxes ranged
from 0.08 to 0.12 g C m−2 y−1 and were 2–3 orders of magnitude
smaller than the POC ﬂuxes recorded at equivalent depths in lower lat-
itude oceans, the SouthernOcean, and theOkhotsk Sea, although the es-
timated annual primary production in the Canada Basin is comparable
to the annual primary production in some low-latitude seasonal sea
Fig. 4. ThePOCﬂuxes (g Cm−2 y−1) estimated by sediment trapmooring systems in theArcticOcean (Canadian Archipelago:Hargrave et al., 1994; North-EastWater Polynya, FramStrait:
Bauerfeind et al., 1997; Amundsen Bay, Laptev Sea: Zernova et al., 2000; Canadian Ice Island: Hargrave, 2004; NorthWater Polynya, Bafﬁn Bay: Sampei et al., 2004; Greenland Continental
Shelf: Bauerfeind et al., 2005; Mackenzie Shelf Edges, Beaufort Sea: O'Brien et al., 2006; Lomonosov Ridge, Laptev Sea: Fahl and Nothing, 2007; Mackenzie Shelf Slope, Beaufort Sea: Forest
et al., 2007; Kara Sea: Gaye et al., 2007; Chukchi Rise, Chukchi Sea: Honjo et al., 2010; South Eastern Beaufort Sea: Sampei et al., 2011).
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Canada Basin may be due to the small amount of biogenic ballast
(e.g., diatom frustules, coccoliths, and lithogenic particles) in the sinking
particles and the inactivity of secondary producers in thewater column,
as indicated by the lack of a fecal pellet export. Honjo et al. (2010) hy-
pothesized that the biological pump does not function effectively in
the cryospheric Arctic Ocean because of a lack of ballast particles re-
quired to export the POC into deep water.
A recent (October 2010–September 2011) assessment of export
ﬂuxes of POC and the seasonal changes of plankton assemblages, carried
out by using moored sediment traps at St. NAP, has estimated export
POC ﬂuxes of 0.31 and 0.26 g C m−2 y−1 at water depths of 180 m
and 1300 m, respectively (Watanabe et al., 2014). These POC ﬂuxes
accounted for 5–20% of the total mass ﬂux (TMF), and lithogenic mate-
rials accounted for 60–80%of the TMF (Watanabe et al., 2014). The char-
acteristics of the exported particles differed in two ways between St.
NAP and the cryopelagic Canada Basin site (Honjo et al., 2010): 1) the
ﬂux of 0.31 g C m−2 y−1 at St. NAP at 180 m depth was four times the
ﬂux of 0.08 g Cm−2 y−1 at the IOEB at 200m depth; and 2) remarkable
seasonal changes in the biogenic export ﬂuxes at St. NAP were associ-
ated with the high biodiversity of the planktic community, which
consisted of phytoplankton (mainly diatoms), micro-zooplankton, and
meso-zooplankton (Watanabe et al., 2014). The maximum TMF and
POC ﬂux were observed at St. NAP during November and December,
when the sea-ice-cover season was just beginning, in both 2010 and
2011. High ﬂuxes were also observed in July, August, and September
2011, but no high ﬂuxes were observed during summer 2012
(Watanabe et al., 2014). During the high-POC ﬂux seasons in 2010 and
2011, diatoms were the dominant component of the phytoplankton,
and the diatom assemblage was mainly planktic. The contribution of
sea-ice-related algae was minor (Onodera et al., 2015a). The predomi-
nant diatom assemblage was completely different between the
November–December, 2010 and 2011 and summertime high-ﬂux sea-
sons. During the summer, 2011, the major diatom taxa were Fossula
arctica and Fragilariopsis oceanica (Onodera et al., 2015a), which are
common diatom species in the Arctic Ocean and other cold waters;
their presence suggests that active primary production takes place in
the water column during the summer. During November–December(the start of the sea-ice-cover season), 2010 and 2011, the major taxa
were Chaetoceros resting spores; centric diatoms, which are abundant
on the Chukchi Sea shelf; and Thalassionema nitzschioides, which is a
common diatom species in the Canada Basin (Onodera et al., 2015a).
The micro-zooplankton consisted of planktic foraminifera, ostracodes,
coastal bivalvia, and pteropods with carbonate tests (K. Kimoto,
JAMSTEC, unpublished data). Fluxes and assemblages of micro-
zooplankton, including planktic juveniles of coastal bivalvia, showed
clear seasonality; the highest ﬂuxes were observed in August–
September and October–November. This seasonality is similar to the
seasonal pattern of diatom (Watanabe et al., 2014), silicoﬂagellate,
ebridian, and dinoﬂagellate ﬂuxes (Onodera et al., 2015b). The bivalve
larvae originate mainly from the Bering Strait to the east of the Chukchi
shelf, but they rarely appear in the Canada Basin (K. Kimoto, JAMSTEC,
unpublished data). The ﬂuxes of zooplankton swimmers ranged from
5 to 44 individualsm−2 day−1; these ﬂuxes were greatest in July–Octo-
ber and they were not as high in November–December (Matsuno et al.,
2013). The zooplankton swimmers were dominantly copepods, which
accounted for 18–94% of swimmer ﬂuxes (Matsuno et al., 2013). The co-
pepod assemblage changed dramatically in February–April, when C.
hyperboreus increased drastically (Matsuno et al., 2013). It seems likely
that seasonal changes in vertical migration related to changes in the
day–night cycle in February–April led to this increase in the
C. hyperboreus ﬂux (Matsuno et al., 2013). Although seasonal changes
in the copepod assemblage are thought to be affected by changes in
the sea-ice concentration, temperature, and salinity (Makabe et al.,
2010), an internal body timer may also be an important factor in the
timing of their seasonal upward migration (Miller and Grigg, 1991;
Miller et al., 1991) that leads to an increase of C. hyperboreus production
during winter. In addition to the Arctic copepod C. hyperboreus, the Pa-
ciﬁc copepod Neocalanus cristatus was present during August–
September at St. NAP (Matsuno et al., 2013). Furthermore, fresh organ-
isms, including diatoms, micro-zooplankton, and copepods with soft
tissues, were captured; fresh organisms are ones that were alive
until shortly before their capture in the sediment traps (Matsuno
et al., 2013; Watanabe et al., 2014). The increasing biodiversity and
export ﬂuxes since the observations of 1996–1997 suggest that the
Canada Basin may have recently become more productive. Further
Table 2
Annual particulate organic carbon (POC) ﬂuxes at various locations in the Arctic Ocean.
Area Location (average) Observation period Platform or method Depth POC ﬂux Reference
(m) (g C m−2
y−1)
Mackenzie Shelf Edges,
Beaufort Sea
70°N, 132°W 1987–1988 Mooring 125 1.7–5.8 O'Brien et al. (2006)
Canadian Archipelago 79°N, 102°W 1989–1990 Mooring 130 0.2 Hargrave et al.
(1994)
North-East Water Polynya,
Fram Strait
80°N, 11°W 1992–1993 Mooring 130 1.0–2.7 Bauerfeind et al.
(1997)
Chukchi Sea, Chukchi shelf 67.8°–76.6°N,
168.8°–173.3°W
August–September,
1994
234Th (large-volume water sampling) 10–300 166b Moran et al. (1997)
Greenland Continental Shelf 75°N, 13°W 1994–1995 Mooring 245 1.6 Bauerfeind et al.
(2005)
Beaufort Sea 69.9°–73.0°N,
136.9.8°–145.4°W
August–September,
1995
234Th (large-volume water sampling) 10–200 3.1–32b Moran and Smith
(2000)
Amundsen Basin, Laptev Sea 81°N, 138°E 1995–1996 Mooring 150 1.0–1.5 Zernova et al. (2000)
Lomonosov Ridge, Laptev
Sea
81°N, 138°54'W 1995–1996 Mooring 150 1.5 Fahl and Nöthig
(2007)
Lomonosov Ridge, Laptev
Sea
81°N, 138°54'W 1995–1996 Mooring 1550 1.05 Fahl and Nöthig
(2007)
Canada Basin 79.1°–76.7°N,
132.2°–131.8°Wa
1996–1997 IOEB 200 0.08 Honjo et al. (2010)
Chukchi Rise, Chukchi Sea 75.2°–80.0°N,
142.2°–155.9°Ea
1997–1998 IOEB 120 0.59 Honjo et al. (2010)
North Water Polynya Bufﬁn
Bay
75°N, 75°W 1997–1998 Mooring 198–257 1.0–13.8 Sampei et al. (2004)
Canada Basin 75.1°N, 161.6°W August, 1999 234Th (large-volume water sampling) 0, 50 4.4–27b Chen et al. (2003)
Chukchi Sea 71.7°–73.3°N,
153.9°–155.1°W
Summer, 2000 234Th (large-volume water sampling) 50 18.4–250b Trimble and
Baskaran (2005)
Canada Basin 73.8°–75.2°N,
149.9°–152.9°W
Summer, 2000 234Th (large-volume water sampling) 50 6 Trimble and
Baskaran (2005)
Chukchi Sea 79.1°–76.7°N,
132.2°–131.8°W
Spring–Summer,
2002
234Th (large-volume water sampling) 50 0.4–171b Trimble and
Baskaran (2005)
Chukchi Sea, Chukchi shelf 67°–75°N, 155°–169.7°W July–September,
2003
234Th (large-volume water sampling) 40 0.13–3.9b Zhang et al. (2015)
Canada Basin 71.3°–80.2°N,
146.7°–171.9°W
July–September,
2003
234Th (large-volume water sampling) 40–100 0.04–3.2b Zhang et al. (2015)
South eastern Beaufort Sea 71°N, 126°W 2003–2004 Mooring 90–128 2.2–12.9 Sampei et al. (2011)
Mackenzie Shelf Slope,
Beaufort Sea
71°N, 133°W 2003–2004 Mooring 200 1.0–1.7 Forest et al. (2007)
Chukchi shelf 70°–73.9°N,
152.1°–160.7°W
Spring–Summer,
2004
234Th (large-volume water sampling) 50 2.9–301b Lepore et al. (2007)
Chukchi Sea Barrow Canyon and East
Hanna Shoal
Spring–Summer,
2004
234Th (large-volume water sampling and
drifting sediment trap)
10–100 2.2–290b Lalande et al. (2007)
Canada Abbysal Plain 75°N, 150°W 2004–2005 Mooring 3067 0.17 Honjo et al. (2010)
Canadian Ice Island 81°N, 96°W Mooring 100 0.07 Hargrave (2004)
Kara Sea 74°N, 80°E Mooring 36 9.8 Gaye et al. (2007)
Northwind Abbysal Plain,
Canada Basin
75°N, 162°W 2010–2011 Mooring 180 0.31 Watanabe et al.
(2014)
Northwind Abbysal Plain,
Canada Basin
75°N, 162°W 2010–2011 Mooring 1300 0.26 Watanabe et al.
(2014)
a From the location that trap bottle opened ﬁrstly to the location that trap bottle closed ﬁnally of Ice-Ocean Environmental Buoy (IOEB).
b Annual average of POC ﬂux was estimated by the 234Th/238U disequilibria from limited seasonal data (spring and summer).
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ological pump has increased or decreased; the size distribution of the
phytoplankton community has been shifting toward smaller sizes
based on observations made during the last 5 years (Li et al., 2009).
The POC ﬂuxes in the Beaufort Sea and Chukchi Sea also seem to
have been higher after 2000 than during the 1980s and 1990s
(Table 2). In the Amundsen Gulf in the southeastern Beaufort Sea, sink-
ing dead copepods accounted for 87–91% of the export ﬂux during the
winter (January–February), 2003–2004, when the large copepods
C. hyperboreus and P. glacialis were present (Sampei et al., 2009,
2012). The spawning of C. hyperboreus generally peaks at some point
during the winter; as a result, the senescence and mortality of most
adult stages occurs in winter. Thus, sinking dead copepods in winter
may contribute importantly to the annual TMF (Sampei et al., 2012).
The development time of copepods from egg to hatching is such that
the relatively high abundance of copepod nauplii collected in Marchwould reﬂect the eggs laid between December and March (Sampei
et al., 2012).
5. Mechanisms enhancing productivity and the biological pump
A remarkable enhancement of biological productivity and the bio-
logical pumphas been associatedwith the retreat of sea ice in the Arctic,
presumably owing to an increase of irradiance in the water column
(Frey et al., 2011; Lee and Whitledge, 2005), wind-induced mixing
that replenishes sea surface nutrients (Carmack et al., 2006), and the
combined effects of light enhancement and nutrient replenishment
(Nishino et al., 2009). In the vicinity of the Chukchi Sea, Canada Basin,
and Beaufort Sea, physical processes such as eddies, ﬁlaments, jets,
and downwelling in canyons and along the shelf break are crucialmech-
anisms that promote the transport of materials (plankton, particles, and
nutrients) offshore into the basin, or from the deep basin via upwelling
10 N. Harada / Global and Planetary Change 136 (2016) 1–17onto the shelf. Anti-cyclonic eddies appear occasionally in the Canada
Basin (Manley and Hunkins, 1985) and along the Chukchi shelf break
(Spall et al., 2008), and cold eddies in particular are thought to be im-
portant transporters of plankton, biogenic particles, and nutrients in Pa-
ciﬁc water (Mathis et al., 2007; Kadko et al., 2008). Lateral transport of
resuspended biogenic particles from the ocean ﬂoor in association
with eddy activity has also been suggested to play an important role
in the oceanic carbon pump, as indicated by time-series sediment trap
measurements in off-shelf regions of the western Arctic (O'Brien et al.,
2013), in the deep Canada Basin (Honjo et al., 2010), above Canadian
Beaufort shelves (Forest, et al., 2007, 2011; O'Brien et al., 2006, 2011;
Sampei et al., 2011), in the northern Laptev Sea (Fahl and Nöthig,
2007), and in the Nordic seas (Wassmann et al., 2004). Nevertheless,
the role of eddies, except in the lateral transport of particles, is not
fully understood. Nishino et al. (2011b) investigated thephysical, chem-
ical, and biological properties of a large, warm eddy with an approxi-
mate diameter of 100 km in the vicinity of the Northwind Abyssal
Plain in the western Arctic Ocean in September 2010. The temperature
at the center of eddywas 7 °C, concentrations of nutrients (ammonium)
that originated on the shelf slope were high in the eddy, and the abun-
dance of small phytopankton such as dinoﬂagelates was higher inside
the warm eddy than in the surrounding water (Nishino et al., 2011b,
their Fig. 4a). This snapshot of the eddy characteristics suggests that
the eddy's warm coremay serve not only as transporter of heat and par-
ticles toward the cryopelagic Arctic Ocean but also as an incubator of
lower-trophic-level organisms.
A moored sediment trap experiment carried out from September
2010 to October 2011 at St. NAP in near the area of the eddy studied
by Nishino et al. (2011b) revealed high bimodal ﬂux peaks during the
summer (July–September) and at the beginning of the polar night sea-
son (November–December) of POC (Watanabe et al., 2014), diatoms
(Onodera et al., 2015a), silicoﬂagellates, ebridians, and dinoﬂagellates
(Onodera et al., 2015b), micro-zooplankton with carbonate tests (K.
Kimoto, JAMSTEC, unpublished data), and zooplankton swimmers
(Matsuno et al., 2013). Furthermore, some of the micro-zooplankton
and copepods captured in the sediment trap during the high-ﬂux period
at the beginning of the polar night were fresh, even though photosyn-
thesis is expected to be nil at the beginning of the polar night because
of the paucity of insolation. Amarine ecosystemmodelmight help to re-
veal the inﬂuence of physical processes such as coastal currents, eddy
activity, and upwelling on themarine ecosystem, and thus help to eluci-
date the mechanism(s) responsible for the active production of lower-
trophic-level organisms at the beginning of the polar night in the west-
ern Arctic Ocean. An eddy-resolving coupled sea ice–ocean model
(COCO3.4) that included a bioenergetics model coupled with a three-
dimensional lower-tropic-level ecosystem model has been developed
to describe the ecosystem in the subarctic North Paciﬁc (NEMURO;
Kishi et al., 2007). Recently, simulations performed with this pan-
Arctic physical ocean circulation model with a 5-km mesh resolution
have explained the movement of nutrients from the Chukchi shelf
break toward the cryopelagic Arctic basin (Watanabe, 2011). This
model successfully captured the major spatial and temporal features
of the phytoplankton bloom following the summertime sea-ice retreat
on the shallow Chukchi shelf and in Barrow Canyon (Watanabe et al.,
2012). The model simulation results also support the observation that
mesoscale eddies positively inﬂuence primary production in the west-
ern Arctic Ocean (Watanabe et al., 2012). The Arctic version of the
coupled sea ice–ocean circulation marine ecosystem model has also
reproduced active vertical convection occurring inside mesoscale
eddies; this convection effectively transports nutrient- and particle-
rich (biogenic andmineral) subsurfacewatermasses toward the surface
(Watanabe et al., 2014), which allows zooplankton to be actively incu-
bated inside the eddies, where they graze on the particles derived
from active convection. Subsequently, these zooplankton are
transported from the shelf break area of the Canada Basin to St. NAP in
the Northwind Abyssal Plain by the anti-cyclonic Beaufort Gyre(Watanabe et al., 2014). Anti-cyclonicmesoscale eddies are thus impor-
tant both as transporters of trace minerals and phytoplankton from
coastal to more oceanic waters (Johnson et al., 2005; Batten and
Crawford, 2005) and, because they enhance the supply of nutrients to
the mixed layer, as incubators of lower-trophic-level organisms. These
roles of anti-cyclonic mesoscale eddies have previously been discussed
with respect to the northwestern and northeastern subarctic Paciﬁc
Ocean (Kusakabe et al., 2002; Ueno et al., 2010; Peterson and
Harrison, 2012). Mesoscale eddies, which have been detected in multi-
ple shelf–basin boundary regions of the Arctic Ocean (Plueddemann
et al., 1998; Woodgate et al., 2001; Dmitrenko et al., 2008), may play
an important role by enhancing the biological pump via biogeochemical
cycling as the sea ice retreats in the near future (Fig. 5).
6. Benthic community and higher-trophic-level organisms
The enhancement of primary productivity in the surface resulting
from the increase of POC ﬂux also affects the benthic community on
the seaﬂoor because the POC ﬂux is a direct source of food for the ben-
thos (Clark, 2003; Bluhmet al., 2011). The pelagic–benthic coupling sys-
tem is an important component of the food-web system of the Arctic
Ocean. Although thebenthic community includes somebenthic diatoms
as primary producers, the most abundant and widespread benthic spe-
cies are brittle stars, amphipods, bivalves, and polychaetes (Bluhmet al.,
2011). Bluhmet al. (2011) calculated the Arctic benthic species richness
to be on the order of ~4600. The species richness is considered to exhibit
a unimodal depth species diversity gradient (DSDG) with a peak at
about 100–200 m depth in the Arctic Ocean (Clark, 2003), which is
much shallower than the peak in other oceans, which is typically at
1000–2000 m depth (Rex and Etter, 2010). The species diversity of
deep-sea prosobranch gastropods is negatively correlated with latitude
in the North Atlantic and the Norwegian Sea; that is, species richness
decreases as latitude increases (Clark, 2003); this latitudinal pattern is
a fundamental feature of the world's biota (Willing et al., 2003; Rex
and Etter, 2010). In contrast, amodeling study showed a deep unimodal
DSDG in benthic foraminifera with a peak at depths on the order of
1000 m along with a unimodal latitudinal species diversity gradient
(LSDG) with a peak at about 82–83°N; benthic ostracodes, however,
showed the typical Arctic unimodal DSDG with a peak at 100 m depth
and a negative LSDG (Yasuhara et al., 2012). Yasuhara et al. (2012)
also suggested that the underlying mechanisms of these depth and lat-
itudinal species diversity patterns are complex; moreover, the relative
importance of the various environmental parameters, including sea-
ice cover, temperature, salinity, primary productivity, and the seasonal-
ity of productivity, that determine DSDGs and LSDGs, might be different
for different taxa. These environmental parameters, together with the
POCﬂux, probably also affect the latitudinal and depth gradients of ben-
thic species and the benthic–pelagic coupling system in the Arctic
Ocean.
Marine ecosystem diversity of higher-trophic-level organisms in the
Arctic Ocean is controlled mainly by geographic characteristics (broad
continental shelves and many riverine mouths), water-mass interac-
tions between Paciﬁc andAtlantic inﬂows, sea ice, and light and temper-
ature conditions. Michel et al. (2012) reviewed the basic structure and
diversity of the Arctic marine ecosystem and the predictable impacts
of drastic environmental changes in the Arctic Ocean on themarine eco-
system. They indicated that Atlantic-origin species such as shrimp
(Pandalus borealis, although this species also lives in Paciﬁc Ocean), her-
ring (Clupea harengus), Atlantic cod (Gadus morhua), and capelin
(Mallotus villosus) associated with Atlantic water mass inﬂow inhabit
middle and deep layer in the Barents, Norwegian, and Greenland seas.
Paciﬁc benthic species are found in the Chukchi Sea (Dunton, 1992;
Bluhm et al., 2009), having passed through the Bering Strait, but other-
wise Paciﬁc inﬂuence on benthic fauna seems to be limited to the Beau-
fort and East Siberian seas (Grebmeier et al., 2006). Arctic zooplankton
are predominantly of Atlantic origin; zooplankton of Paciﬁc origin do
Fig. 5. Conceptual diagram of the lateral transport and exportﬂux of particles at St. NAP a) before and b) after the recent catastrophic sea-ice reduction in the Arctic Ocean. a) Lateral trans-
port of lithogenic and old organic particles were the predominant mechanism from the shelf break into more oceanic waters before the recent catastrophic sea-ice reduction; b) fresh
biological particles, which were incubated inside the eddy, have been added to the lithogenic and old organic particles, and such an eddy introduced biogenic particles that contributed
to enhancement of the biological pump in the Arctic Ocean.
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zooplankton assemblage is strongly related to water mass and zoo-
plankton living in deep Paciﬁc would not pass through the shallow Be-
ring strait (Michel et al., 2012). Maximum zooplankton diversity, which
occurs in subsurface to deep layers (300–2000m), is associatedwith the
Atlantic inﬂow.
The presence of sea ice is fundamental to the maintenance of the
ecosystem structure in the Arctic Ocean. As reviewed by Michel et al.
(2012), the distribution and survival of C. glacialis, which is a key zoo-
plankton species in the Arctic, depends on the timing and amount of
ice algal production; in turn, zooplankton species and sea-ice-related
amphipods are important food resources for Arctic cod, Boreogadus
saida, and polar cod, A. glacialis, which are food resources for seabirds
(fulmars, murres, guillemots, and kittiwakes) and mammals (ringed
seals, narwals, and belugas). The top predator of the food web, the
polar bear, uses sea ice for ice-based hunting of prey such as ringed
seals. The loss of sea ice is expected to affect the ability of polar bears
to maintain their body condition, and their ability to survive, because
they cannot satisfy their nutritional requirements with terrestrial food
sources, owing to insufﬁcient quantities and competition with brown
bears (Rode et al., 2015). Except for some diatom species, which can
survive both just above the sediment and in sea ice, sea-ice reduction
is likely to have a cascading negative effect throughout the pelagic–
benthic food web of the Arctic Ocean.
Temperature and light are important factors controlling the timing
of blooms and the reproductive, metabolic, and growth rates of individ-
ual organisms. Seasonal temperature changes are relatively large above
the continental shelves, compared with in the open ocean, and high-
amplitude seasonal temperature changes promote the diversity of the
marine ecosystem in the Arctic Ocean (Michel et al., 2012). The maxi-
mum near-future temperature rise is expected to occur in the Earth's
polar regions (IPCC, 2013), and the temperature change is expect to
be accompanied by changes in oxygen concentrations, pH, and produc-
tivity, which are environmental stressors for marine organisms. During
the Coupled Model Intercomparison Project Phase 5 (CMIP5), the cu-
mulative stress of multiple stressors (changes in temperature, oxygen
concentration, pH, and productivity) in 2100 was analyzed, and the re-
sults indicated that, among global marine habitats, the most negative
impact would be in continental shelf areas and in shallow seas.Moreover, subpolar and polar regions and lower-trophic-level oceanic
species (euphausiids, cetaceans, squids, and pinnipeds) would be
among the global biological hot spots (Mora et al., 2013). However,
Mora et al. (2013) also suggested that productivity in the future Arctic
Ocean might rise, overcoming the negative impact of ocean
acidiﬁcation.
7. Perspectives on Arctic ecosystem research
The recent retreat of sea ice during the Arctic summerwas especially
dramatic in 2007 and 2012. The summer sea surface temperature in the
Chukchi Sea is normally 4–6 °C, but it reached 12 °C in 2007 (Vanin,
2010; Matsuno et al., 2012). The retreat of sea ice in early summer
2007 (Markus et al., 2009) and enhanced solar heating (Mizobata
et al., 2010; Vanin, 2010), among other factors, contributed to this
anomalously high temperature.
A change in the Paciﬁc Water inﬂow through the Bering Strait is an-
other possible cause of high SST in theChukchi Sea, and a signiﬁcant vol-
umetric input of cold PWW (salinity up to 33.8) has not been apparent
since 2003 (Itoh et al., 2012). It means that the inﬂowingwater fromPa-
ciﬁc is less cold and saline than before. Instead, subsurface warming on
the Chukchi Shelf may have promoted the warming of the intermediate
layer in the southern Canada Basin (Itoh et al., 2012). Shimada et al.
(2006) have also reported that warming of the upper layer in the
Canada Basin began in the late 1990s, and Steele et al. (2008) indicated
that the heat content of the upper layer of the Chukchi Sea also in-
creased during the 2000s. Nevertheless, Honjo et al. (2010) have sug-
gested that an increase in productivity and enhancement of the
biological pump in theArctic Basin is unlikely in the near future, because
high atmospheric pressure conditions are expected to suppress the
physical mechanisms that bring nutrients to the surface in the newly
ice-free area. However, the average area of summer sea ice in the Arctic
Ocean was 6.9 × 106 km2 during the 1990s and declined to
3.9 × 106 km2 after the 2000s, and this reduction of sea ice facilitated
an 84% volumetric increase of eddies in the western Arctic Ocean, as es-
timated by a pan-Arctic sea ice–ocean physics model (Watanabe et al.,
2014). The model results also indicated that the increased occurrence
of eddies in the Arctic Ocean would lead to particulate organic nitrogen
ﬂuxes during the 2000s that were approximately twice as high as those
Fig. 6.Model estimated sea ice covering on October 1 in the (yellow) 2010 M, (pink) Ice2.0, and (blue) Ice0.5 cases. Black contours represent 1000 m isobaths. The location of St. NAP is
shown by a yellow cone. The inset proﬁle shows the vertical proﬁle of November mean particulate organic nitrogen (PON) ﬂux in each case (μmol-Nm−2 d−1). The average region is the
southwestern Canada Basin, which is outlined by a blue contour (modiﬁed fromWatanabe et al., 2014).
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eddies promote active vertical mixing between subsurface and surface
waters, and the increased occurrence of eddies directly contributes to
enhancement of primary production. Therefore, it seems likely that
the sea-ice retreat will promote further enhancement of the biological
pump by facilitating the occurrence of eddies in the Arctic Ocean in
the near future.
Paciﬁc copepods, including resting individuals, were observed in the
intermediate water layer throughout the year from October 2010 to
September 2011 (Matsuno et al., 2013). During 2007, the numbers of
large Paciﬁc copepods increased remarkably south of Cape Lisburne
(Matsuno et al., 2011), although a comparison of zooplankton numbers
in 1991, 1992, 2007, and 2008 shows that interannual variability of the
zooplankton community has not been large (Matsuno et al., 2012). In
2011, substantial numbers of Neocalanus cristataus, a copepod indige-
nous to the Paciﬁc, were detected in sediment trap samples during
August–September at St. NAP (Matsuno et al., 2015). These ﬁndings
imply that Paciﬁc copepods will be able to invade the Arctic Ocean
and survive there under a shortened duration of sea-ice cover in the
near future.
Simultaneously, ocean acidiﬁcation, which has seriously progressed
in the Arctic Ocean (Rysgaard et al., 2007;Mathis et al., 2011),may have
a negative impact on the survival of organisms there. In 1997, the
Canada Basin surface water was oversaturated (Ω N 1) with respect to
aragonite, but in 2008 it was undersaturated (Ω b 1) (Yamamoto-
Kawai et al., 2009). This undersaturationwas caused by sea-icemeltwa-
ter, which greatly diluted the total alkalinity and dissolved inorganic
carbon concentration (Yamamoto-Kawai et al., 2009). Subsurface wa-
ters at depths of 100–200 m in the Canada Basin in 2008 were also un-
dersaturated with respect to aragonite owing to the inﬂuence of
carbonate-corrosive PWW at those depths (Yamamoto-Kawai et al.,2009). Calciﬁers with aragonite tests, especially pteropods, will have
difﬁculty producing their tests in such undersaturated waters, which
will threaten their survival in the Arctic Ocean (Bates and Mathis,
2009; Fabry et al., 2009). However, the response of calciﬁers to ocean
acidiﬁcation is not simple. For example, the calciﬁcation rate of Emiliania
huxleyi (Lohmann), a pelagic coccolithophorid species, has been re-
ported to decrease under high-CO2 conditions (Riebesell et al., 2000;
Zondervan et al., 2001; Sciandra et al., 2003; Delille et al., 2005), but
Iglesias-Rodriguez et al. (2008) found that a different strain of
E. huxleyi increased its rate of coccolith production under high-CO2 con-
ditions. Irie et al. (2010) used an optimality model to predict the evolu-
tionary response of coccolithophorids to high-CO2 conditions under the
assumption that the coccolith serves to reduce the instantaneous mor-
tality rate; from the results, they concluded that natural selection favors
amore heavily calciﬁed exoskeleton when acidiﬁcation-driven costs in-
crease. If all calciﬁers were excluded from the marine ecosystem, not
only food chains but also global biogeochemical cycles would be nega-
tively affected, because although coccolithophorids account for no
more than 20% of total carbon ﬁxation (Poulton et al., 2007), the global
planktic foraminiferalﬂux to the oceanﬂoor of 0.36–0.88 gigatons C y−1
accounts for 32–80% of the total deep marine calcite budget (Schiebel,
2002).
The current methodology used to evaluate the impacts of ocean
acidiﬁcation is semi-quantitative and involves, for example,microscopic
examination of carbonate tests and measurement of their weight
(e.g., Bednaršek et al., 2012). The development of new quantiﬁcation
methodologies for accurate estimation of the physiological impacts of
acidiﬁcation on plankton are necessary to evaluate the impact of
ocean acidiﬁcation on organisms and marine ecosystems. One example
is theMicro-focus X-ray Computing Tomography (MXCT) technique for
measuring the X-ray attenuation of an object (calciﬁer), which is
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has the potential to be a robust method for quantifying the response of
marine organisms to ocean acidiﬁcation. Recent physiological experi-
ments have succeeded in isolating and cloning E. huxleyi from the wa-
ters of the northern Bering Sea and Chukchi Sea (M. Satoh, University
of Tsukuba, personal communication). Future culture experiments
with strains of E. huxleyi isolated from the Arctic Ocean are expected
to clarify whether this species will be able to invade the Arctic Ocean
(because of warming effects), or not (because of ocean acidiﬁcation).
In addition, the response of E. huxleyi to freshening and iron depletion
in the Arctic Ocean needs to be analyzed. Quantiﬁcation of the impact
on marine organisms of ocean acidiﬁcation and other stressors such as
warming and fresheningwill contribute to the improvement of coupled
sea-ice physical and marine ecosystem (lower trophic level) models
and should allow future conditions to be predicted with greater accu-
racy. In particular, a 3-D coupled sea-ice physical andmarine ecosystem
modelwith a resolution ﬁner than 5 km (so that it can resolve eddies) is
needed.
The impact of global warming on higher-trophic-level organisms
such as commercially valuableﬁshhas been investigated in the sub-Arc-
tic North Paciﬁc (Welch et al., 1988; Kishi et al., 2010). Welch et al.
(1988) compared the predicted distributions of sockeye salmon in win-
ter (7 °C) and summer (12 °C), which are suitable temperature for liv-
ing, based on the atmospheric CO2 concentration at the end of the
1980s (the Mauna Loa atmospheric CO2 concentration passed
350 ppmv in October 1989) with their distributions under a doubling
of atmospheric CO2 to 700 ppmv as predicted by the Canadian Climate
Center's group ocean–atmosphere general climate model (Boer et al.,
1992;McFarlane et al., 1992). The results indicated that in theNorth Pa-
ciﬁc, the area of acceptable thermal habitat would decrease to zero in
summer and would be sharply lower during the winter. Only the
Okhotsk Sea and the northern half of the Bering Sea would have accept-
able habitat in winter with 700 ppmv of atmospheric CO2 (Welch et al.,
1988). Kishi et al. (2010) investigated the impact of global warming on
the distribution of Japanese chum salmon by using the marine ecosys-
tem model NEMURO and the IPCC SRES-A1B scenario (SRES-A1B: spe-
cial report of emissions scenarios and A1 scenario groups are
distinguished by their technological emphasis and A1B is a balance
across all sources of fossil and non-fossil energies where balanced is de-
ﬁned as not relying too heavily on one particular energy source). The
NEMUROmodel predicted that only the Bering Sea and the northwest-
ern part of the Okhotsk Sea would have an acceptable thermal habitat
(8–12 °C) for Japanese chum salmon by midsummer 2050 (Kishi et al.,
2010), and by summer 2095, no optimal temperature area for
Japanese chum salmon would exist in the North Paciﬁc. Instead, the
thermally habitable area was predicted to shift to the Arctic Ocean
(Kishi et al., 2010). Although these model studies by Welch et al.
(1988) and Kishi et al. (2010) focused on global warming only, ﬁshes
have already begun to shift toward higher latitudes. For example,
blueﬁn tuna, Thunnus thynnus (Linnaeus 1758), were captured in a sin-
gle net-haul in 9–11 °Cwaters east of Greenland (65°N) in August 2012
during exploratoryﬁshing for Atlanticmackerel, Scomber scombrus (Lin-
naeus 1758). Atlantic mackerel is a preferred prey species of blueﬁn
tuna and itself a new immigrant to the area (B. R. MacKenzie, Technical
Univ. of Denmark, unpublished data). Regional temperatures in August
2012 were historically high, as a consequence of a warming trend that
began in 1985, and blueﬁn tuna were likely present in this region in
part because the water temperature had reached warmer, physiologi-
cally more tolerable temperatures and in part because an important
prey species (Atlantic mackerel) had immigrated into the region (B. R.
MacKenzie, Technical Univ. of Denmark, personal communication).
However, ocean acidiﬁcation will be an additional stressor for some
ﬁsh species in the near future (e.g., Arctic cod B. saida; D. Storch, Alfred
Wegener Institute for Polar and Marine Research, unpublished data).
Yoon et al. (2015), in the western Arctic Ocean, estimated the potential
habitat of chum salmon, deﬁned as an area where the growth rate ofchum salmon was positive, by using a 3-D lower trophic ecosystem
model and evaluated the habitat responses to monthly changes of
water temperature between 2005 and 2095 under the IPCC SRES-A1B
global warming scenario. The results predicted an expansion of the po-
tential habitat of chum salmon under modern climate conditions be-
cause of rising water temperature and zooplankton density. However,
under the climate condition in 2095, the area of potential habitat
south of 71°Nwould shrink during summer owing to a temperature in-
crease beyond the optimal range (4–12 °C) for chum salmon. A ﬁsh re-
sources variability model to evaluate the effects of multiple
environmental stressors of ﬁshes (such as the NEMURO.FISH model;
Kishi et al., 2011) needs to be developed for the Arctic Ocean; the results
reported by Yoon et al. (2015) are based on predicted temperature
changes only. Hopefully, an Arctic Ocean version of a ﬁsh resources var-
iability model will make it possible to predict how the distribution and
migration routes of higher-trophic-level organisms will be modiﬁed by
warming, freshening, and acidiﬁcation of the Arctic, and by changes in
the community of grazing organisms such as zooplankton.Acknowledgments
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